We study imaging systems designed to assess the smile of laser diode bars (LDBs). The magnification matrix is derived from the required sampling period and the geometries of the LDBs and the chargecoupled device (CCD) array. These image-forming systems present in-plane pure translation invariance, but in the case of anamorphic ones, lack in-plane rotation invariance. It is shown that the smile parameters of the image of the LDB are linked with the smile parameters of the LDB by simple mathematical expressions. The spatial resolution of such optical systems is estimated at approximately 1 μm for a mean wavelength of λ ≈ 800 nm. Our results suggest that, with the current state-of-the-art, the formation of imaging methods for LDB smile assessment can be used to assess smile heights ≥ 1 μm.
Introduction
Laser diode bars (LDBs) are composed of many laser diodes (LDs) aligned in a straight row [1, 2] . In real LDBs the LDs are not perfectly aligned because of technical limitations of the manufacturing process. This defect appears as a curvature of the line of LDs and is called smile [2] [3] [4] . The smile reduces the performance of the optical systems employed for shaping, delivery, transformation, and focusing of laser beams emitted by LDBs [3] . This circumstance stimulates the efforts to improve mounting technologies and to develop methods to assess the smile of LDBs. Three methods for characterization of the smile of LDBs have been reported:
The imaging method (IM). An image of the LDB is captured by a charge-coupled device (CCD) array, digitized, stored, and processed in a personal computer (PC). Images of LDB smiles have appeared in many articles; see, for example, [2, [4] [5] [6] [7] . The main use of the IM is for qualitative description of the smile.
The near-field scanning optical microscopy (NSOM) method [8, 9] . The distal tip of an optical fiber is scanned over the output facet of the LDB. The captured laser radiation is delivered by the optical fiber to a photoelectric detector, which converts it into an electrical signal, which in turn is digitized, stored, and processed in a PC. The data of positions and LDB radiation can be employed to derive a map of the radiant emission of the facet of the LDB and to characterize the smile; see [10, 11] .
The interferometric method in a Lloyd's mirror setup. The LDB is placed in a Lloyd's mirror setup, and the interference fringes are captured by a CCD array, digitized, stored, and processed in a PC. The parameters of the smile are derived from the stored data [12] .
The IM is the simplest and most often used method for smile characterization. However, to the best of our knowledge, no detailed study of its properties and limitations has been reported. In contrast, both the NSOM and the interferometric methods have been reported in the literature [8] [9] [10] [11] [12] . Our goal here is to discuss some basic features of the IM for LDB smile characterization. In Section 2 we define the smile height (SH), the smile aspect ratio (SAR), and the smile parameter S, which are employed later to analyze the influence of the imaging system on their characterization. In Section 3 we describe the imaging systems for LDB smile assessment. In Section 4 the relations that link the LDB smile parameters with analogous parameters measured in its image are derived. In Section 5 we present our conclusions. Figure 1 shows the output facet of a LDB composed of N LDs, numbered from q ¼ 1 to q ¼ N. The LDB is framed within a rectangle of sides L × SH, where L is the length of the LDB and SH is the distance between the outer LDs, measured in the direction perpendicular to the LDB. Now we define the smile aspect ratio (SAR) as
Smile Parameters
The typical values of SH and L are 0 ≤ SH ≤ 10 μm and L ≥ 10 mm. Therefore, the SAR varies from 0 (for a LDB with no smile) to approximately 10
. Figure 2 shows another scheme of the output facet of a LDB. The AA 0 line represents the straight line that best fits the position of the LDs of the LDB. The position of the qth LD on the plane of the output facet is ðξ q ; η q Þ. We define smile parameter S of a LDB as [12] 
where δ q is the distance from the qth LD to segment AA 0 and N > 2 is the number of LDs. Parameter S ranges from 0 μm (for a LDB with no smile) to a few micrometers. Further we assume that, in a good approximation, Eq. (2) can be rewritten as
where b and d are the slope and the intercept, respectively, of line AA 0 obtained by a least-squares fit of the function
and can be calculated using the expressions:
where
Thus, parameter S describes the smile geometry by use of a statistical procedure. Note that in-plane pure translations and in-plane rotations of the LDB do not alter the values of SH, SAR, and S.
Main Properties of the Imaging Method
In the IM for smile characterization an image of the LDB is formed by an optical system on a scientific grade CCD array. The CCD captures the image, converts it into an electrical signal, which in turn is digitized and transformed into an irradiance matrix in an image acquisition block. This irradiance matrix is saved in a PC, where it can be digitally processed at a later time. A block diagram of the setup is shown in Fig. 3 (a); Fig. 3 (b) shows a simplified scheme of a CCD array. Typical scientific grade CCD arrays have M × Q pixels, for example, 128 × 1024, 2048 × 2048, or 4096 × 4096 pixels, a pixel period of T ≈ 5 -15 μm (sampling period), and side lengths a, b ≈ 12 − 60 mm. This means that the shape of the LDB, the shape and the pixel period of the CCD array, and the Whittaker-Shannon sampling theorem [13, 14] impose specific design requirements on the optical system. Let us suppose that the SH ranges from 1 to 10 μm and that the CCD pixel period is 15 μm. We then need a magnification of 8-15× to attain a spatial sampling period of 1-2 μm in the object plane; to achieve a spatial sampling period of 0.2-0:3 μm (which is, of course, a better sampling) we need a magnification of 30-50×. If the optical system has the same magnification in both axes, the image in the direction parallel to the LDB may be too large. Consider, for example, a 10 mm long LDB. Its image is 80 mm long for a magnification of 8× and 500 mm long for a magnification of 50×. Consequently, in most cases the length of the image of the LDB exceeds the length of the CCD array. To avoid this inconvenience, the optical system is designed so that the magnification in the direction perpendicular to the LDB is larger than the magnification in the direction parallel to it. Consequently, the optical system stretches the image in the direction perpendicular to the LDB. In other words, the image is anamorphic. This feature of the image is reminiscent of the portraits by the great Italian painter and sculptor, Amadeo Modigliani (1884-1920). For a review on anamorphic images see [15] .
It should be pointed out that in some cases there is no need for an anamorphic optical system. For example, a nonanamorphic 3× magnification wellcorrected optical system with a numerical aperture of ≈0.5 (f/No. ≈ 2), combined with a CCD array of T ≈ 5 μm and side lengths of a ≈ 37:5 mm and b ≈ 5 mm is suitable for characterization of a 10 mm length LDB with a SH of ≈ 10 μm. Now consider an ideal optical system that forms an image of the output facet of the LDB on the CCD array. The planes of the output facet of the LDB and of the CCD array are normal to the optical axis, which means that there is no perspective distortion. This optical system maps a point r ¼ ðξ; ηÞ of the object plane onto a point r 0 ¼ ðx; yÞ of the image plane, according to the expression
where M is the magnification matrix:
where m x and m y have the same sign. When magnifications m x and m y are adequately chosen, the image of the LDB fits the CCD array. If m x ≠ m y , the optical system is anamorphic. 
Consider now an in-plane pure translation of the object t, so that the new positions of object points O 1 and O 2 are r 1 þ t and r 2 þ t, respectively. This transformation yields the image vector Δr 0 new :
It is obvious that
Therefore, in-plane pure translations of the object do not alter the shape of its image. This conclusion is valid for ideal imaging systems; in real optical systems, aberrations limit the validity of this result.
B. Rotation Invariance
Consider again two arbitrary points O 1 and O 2 of the object with coordinates r 1 ¼ ðξ 1 ; η 1 Þ and r 2 ¼ ðξ 2 ; η 2 Þ, respectively. The corresponding image points are P 1 and P 2 with coordinates r 0 1 ¼ ðx 1 ; y 1 Þ and r 0 2 ¼ ðx 2 ; y 2 Þ, respectively. The object vector in Eq. (14) can be rewritten as 
where θ is the angle between vector Δr and the ξ axis. Notice that the parameter θ describes the in-plane rotation of vector Δr and that the modulus of vector Δr does not depend on θ. Applying Eq. (16) we find the projection of vector Δr on image plane Δr 0 :
Accordingly, the modulus of vector Δr 0 and its angle β with respect to the x axis for jθj < π=2 are
If the optical system is anamorphic, from Eqs. (20) and (21) it follows that the modulus and direction of vector Δr 0 depend on θ and, consequently, the image is not rotation invariant. In addition, vector Δr 0 is parallel to Δr only for θ ¼ 0.
For an anamorphic optical system the image shape depends on the angular alignment of the LDB with respect to the x axis, which is illustrated in Fig. 4 . This means that we must determine the relation between the smile parameter in the image plane and the smile parameter in the object plane, as will be shown in Section 4.
C. Spatial Resolution
For SHs ranging from 1 to 10 μm the required spatial resolution is approximately 1 μm or better. Note that this spatial resolution is comparable with the spatial resolution of dry optical microscopes. As with any optical system for microscopy, the spherical aberration, coma, field curvature, and distortion must be significantly corrected. The chromatic aberration is not a problem because the spectral bandwidth of the LDs is narrow.
We now consider that LDs are incoherent with respect to each other and that the aperture in the fast axis is determined by the optical system. Applying the expression of the spatial resolution for incoherent light [16] to estimate the spatial resolution in fast axis R in air we obtain
where λ is the mean wavelength and NA is the numerical aperture of the optical system. Assuming λ ≈ 800 nm and a NA of ≈0.5 (f/No. ≈ 2), we obtain R ≈ 800 nm. Therefore, the IM seems to work well for a SH >1 μm (for λ ≈ 800 nm). By use of better optical objectives (with a larger aperture) and digital image processing such resolution can be improved substantially; see, for example, [16, 13] .
Transformation of Smile Parameters

A. Smile Height and Smile Aspect Ratio
The smile height, SH 0 , length L 0 , and the smile aspect ratio, SAR 0 , of the LDB image are linked with the corresponding parameters in the object plane, SH, L, and SAR by the expressions
where γ is the angle between segment HH 0 and axis ξ. Proof of the above expressions is straightforward. For γ ≈ π=2, sin 2 γ ≈ 1, and cos 2 γ ≈ 0, Eqs. (23)-(25) transform into 
Applying Eq. (13) to Eqs. (31) and (32) we obtain
We now calculate the smile parameter in the image of the DB, S 0 . After a straightforward calculation we obtain
Conclusions
We introduced a set of parameters, namely, the smile height (SH), the smile aspect ratio (SAR), and the smile parameter S, to characterize the smile of LDBs. We then derived the form of the magnification matrix taking into account the required sampling period and geometry factors. We showed that anamorphic optical systems present in-plane pure translation invariance but lack rotation invariance. Analysis of the spatial resolution strongly suggests that the IM works well for LDBs with a SH ≥ 1 μm. We demonstrated that the smile parameters of the image of the LDB are linked with the smile parameters of the LDB by simple mathematical expressions. It should be pointed out that some reported optical systems for smile characterization present perspective distortion. For example, an optical setup with a CCD camera located off axis as in Ref. [7] introduces one-dimensional perspective distortion in the image. In practice, perspective distortion is undesirable and a careful alignment is done to avoid it. Overall our analysis suggests that the IM for LDB smile assessment in its current state-of-the-art works well for smile heights ≥ 1 μm for λ ≈ 800 nm and a NA of ≈0.5 (f/No. ≈ 2). Better objectives and the use of digital processing are needed for assessment of small smiles (0 ≤ SH < 1 μm).
